Two assumptions -trapped regions form at finite time of a distant observer and the values of curvature scalars on the apparent horizon are finite -identify the total energy-momentum tensor near the Schwarzschild radius rg up to a single function of time. This result holds in all metric theories of gravity. Predictions of quantum field theory on a background that is described by general relativity lead to the unique limiting form of the energy-momentum tensor and the metric. The null energy condition is violated across the apparent horizon and is satisfied in the vicinity of the inner apparent horizon. Comoving density, pressure and flux diverge at the expanding apparent horizon, producing a regular (i.e. finite curvature) transient firewall. Properties of matter change discontinuously during at least the initial stages of the trapped region formation even if it contracts.
the vicinity of expanding or contracting trapped regions. Here we explore their consequences and discuss some extensions.
Vicinity of the apparent horizon. First we briefly summarize the relevant results of [19, 20] . Additional explicit expressions are given in Appendix. We assume validity of semiclassical gravity [21, 22] and describe dynamics via the Einstein equations where the standard (or modified) left hand side is equated to the expectation value T µν of the renormalized stress-energy tensor. The latter represents both the collapsing matter and the created excitations of the quantum fields. Apart from assuming a finite formation time of the trapped region, its boundary is required to be non-singular, which is an established property of classical BH horizons. We implement this property by requiring that the scalars T := T µ µ and T := T µν T µν , are finite. Hawking radiation is not assumed. On the contrary, presence of the negative energy density that is described below is a consequence of the finite formation time of the apparent horizon and its regularity.
Using the Schwarzschild coordinates a general spherically symmetric metric is given by ds 2 = −e 2h(t,r) f (t, r)dt 2 + f (t, r)
The function f (t, r) = 1 − C(t, r)/r is coordinateindependent [23, 24] , where the Misner-Sharp mass [3, 14, 23] C(t, r) is invariantly defined via
and the function h(t, r) plays the role of an integrating factor in transformation to say, retarded or advanced coordinates. In the Schwarzschild spacetime C = 2M = const and h = 0. Trapped regions exist only if the equation f (t, r) = 0 has a root [16] . This root (or, if there are several, the largest one) is the Schwarzschild radius r g (t). The effective mass of a black hole can be defined as M := r g /2 [24] .
The assumptions of finite formation time and regularity result in the generic form of the energy-momentum tensor and the metric close to the Schwarzschild sphere. For x := r − r g (t) → 0 its 2 × 2 block a, b = t, r is
for some function Ξ, and s = ±1, and the second expression is written in the orthonormal basis. This form of T µν is derived only from the assumptions of regularity of the apparent horizon and spherical symmetry (Appendix A), it will hold in any metric theory, e.g. in f(R) theories [12, 25] . The Einstein equations of the standard GR (see Appendix A) have real solutions only if
where the function Υ is determined below. Here s = ±1 corresponds to r ′ g < 0 and r ′ g > 0, respectively. This energymomentum tensor violates the null energy condition (NEC): Tâbkâkb < 0 for a radial null vector kâ = (1, s, 0, 0).
The metric functions are given as power series in terms of x as
and
where a 2 := 16πΥ 2 r 3 g and the higher order terms in x depend on the higher order terms in T µν . The function ξ 0 (t) is determined by the choice of the time variable.
The function Υ(t) > 0 is determined by the rate of change of the Schwarzschild radius,
In the case of a retreating Schwarzschild radius, r ′ g (t) < 0, the metric is most conveniently written using the advanced coordinate v,
It takes the form of a pure ingoing Vaidya metric,
where
> 0 the geometry takes the form of a pure outgoing Vaidya metric
where C ′ − (u) > 0. Consistency of the Einstein equations allows only two types of the higher order terms in the components T tt , T rr and T r t [20] . In both cases the higher-order terms in both h and C are monomials of higher half-integer powers of x (see Appendix A for a summary). For a macroscopic black hole (r g ≫ 1) the evaporation process is quasi-stationary. The previous analysis should match the steady-state results that are obtained on a background of an eternal black hole in an asymptotically flat spacetime. The steady-state evaporation follows the law r 
Energy density and pressure. Collapse models can be solved only if the matter content and equations of state are known. However, the very fact of formation of the apparent horizon allows us to obtain some information about its vicinity. Consider a radially infalling (not necessarily comoving) Alice that is very close to r g . Alice's four-velocity u µ A = (Ṫ ,Ṙ, 0, 0) determines her time axis. As one of the spacelike directions we take n A µ = e h (−Ṙ,Ṫ , 0, 0). The energy density and pressure in Alice's frame are always given by
where G = g T (τ ), R(τ ) for the functions g = f, h. This relationships leads to the comoving values of the density and pressure close to the retreating r g ,
and for x A ≪ a 2 the expansion ofṪ results in
Using the metric of Eq. (9) that is valid on both sides of a contracting apparent horizon we see that the NEC is violated in some neighbourhood inside the trapped region as well. However, in the case of an expanding Schwarzschild sphere, r
giving a divergent expression
in its vicinity Similarly, the flux φ := T µν u µ A n ν A satisfies at the crossing
ensuring the finite value of the curvature scalars when calculated in the proper reference frame of Alice. These results show that an expanding trapped region is accompanied by a firewall -divergent energy density, pressure and flux -that is perceived by an infalling inertial observer. Unlike the firewall from the eponymous paradox that appears as a contradiction between four assumptions [6, 28] , here it is a consequence of regularity of the apparent horizon and its finite formation time.
The comoving values of the matter variables are independent of the function h(t, r). The divergence follows from the form of the energy-momentum tensor near r g that is given by Eq. (3) and the opposite signs of T tt and T tr . Hence our previous analysis indicates that this divergence occurs in all metric theories.
All the steps that result in identification of the metric functions outside the Schwarzschild radius can be performed in the vicinity of the inner horizon. Then the energy-momentum tensor again has the form of Eq. (3), but with Ξ → +Θ 2 for some Θ(t). The solution of the Einstein equations has a similar form, and for the inner horizon propagating towards the centre, r ′ in < 0, we find that ∂ t C > 0 (and divergent, as r approaches r in from below). Hence 0 < T r t = +Θ 2 . For a comoving observer Charlie that is overtaken by the inner horizon the local density, pressure and flux are
Horizon crossing. Alice will cross the apparent horizon when the gap [22, 29] 
becomes zero. The crossing is prevented if for some X > 0 (and
An analogous expression is valid for the outgoing Vaidya metric [22, 29] , but not for the ingoing Vaidya metric of (9) [20, 31] . In the vicinity of the apparent horizon x ≪ r g anḋ
Using Eqs. (5) and (6) we find thaṫ
and see that if a test particle is in the vicinity of the apparent horizon, X ≪ a 2 , it will cross the horizon unless
(For comparison, a freefalling particle starting at rest from infinity crosses the event horizon of a classical black hole withṘ = −3/4). This difficulty of crossing the horizon for slow-moving test particles is consistent with the results of [33] . Using the leading higher-order terms in the metric functions (Appendix A) allows to obtain terms of the order of X and X 3/2 in the expansion ofẊ. Their evaluation under assumption of the quasi-stationary evaporation does not lead to qualitatively different conclusions.
The same analysis applies to massless test particles. In this case the trajectory is most conveniently parameterized by λ := −R [32] , and one evaluates the derivative dX/dλ. ThenṘ → dR/dλ ≡ −1 and apparent horizon is always crossed.
Collapse models. Models of gravitational collapse are typically studied in comoving coordinates [3, 30] , where the most general spherically-symmetric metric can be written as
Heret and χ are the comoving time and radial coordinates, and the areal radius r(t, χ) and the functions λ(t, χ) and ψ(t, χ) are to be determined. For a comoving observer the proper time is given by dτ = e λ dt and the outward-pointing spacelike normal is n µ = (0, e ψ , 0, 0). Then the comoving energy density, pressure and flux are
The Misner-Sharp mass C(t, χ) (defined via Eq. (2)) simplifies the Einstein equations [3, 30] . In the metric (23) it is
The three particularly relevant Einstein equations are
r∂t r ∂t∂ χ r − ∂t r∂ χ λ − ∂t ψ∂ χ r = 8πp,
The simplest realistic models of gravitational collapse describe matter as a perfect fluid with
Absence of the flux term, φ ≡ 0, considerably simplifies the equations. In this case Eq. (26) gives a compact expression for the mass,
where the last identity follows from the definition (2) evaluated in (t, r) coordinates with the metric of Eq. (1). Modeling semiclassical effects requires several amendments to this model. While for a macroscopic BH the pressure due to Hawking-like effects is negligible relative to that of a normal matter, p(ρ), [20, 31] , it is conceptually indispensable for matching the interior and exterior solutions. Without adding the flux the BH formation cannot be consistently discussed. At the apparent horizon the flux is as important as pressure (see Eqs (17) below), so it must be taken into account.
In the homogeneous collapse the first marginally trapped surface appears at the boundary of the collapsing body. In case of evaporation the energy density and pressure on both sides of this surface are small: using Eq. (11) and (14) we find ρ ∼ −κ/r 4 g ≪ 1. Thus, on the one hand the quantum effects lead only to expected blurring of a classically sharp boundary. On the other hand, since the energy density is negative on both sides of the apparent horizon, while the Misner-Sharp mass C > 0, no model system with a uniform density can describe such a process.
Appearance of the trapped region inside the bulk, like in generic collapse models, illustrates another property. In the neighbourhoods of the apparent horizon and the inner horizon, quantum effect change the equation of state of the matter to such a degree that Eqs. (14) and (18) are satisfied in their respective vicinities.
Analysis of the horizon formation is complicated by the singularity of the comoving coordinates at the apparent horizon. While the invariants T and T, where components of the energy-momentum tensor in (t, χ) coordinates given by Eq. (24), and the comoving density, pressure and flux were obtained in Eqs. (16) and (17) are finite,
this property is not shared by the coordinate-dependent expressions, as is seen from properties of the metric functions as r → r g (i.e., as χ approaches the value χ g such that r(t, χ g ) = r g (t)). Consider first the receding apparent horizon, r ′ g < 0. According to Eq. (14) the comoving density and flux are finite, and p ≈ φ < 0. We can write Eq. (27) as
whereṙ χ = ∂tr(t, χ)dt/dτ < 0, and the subscript χ indicates that the areal radius corresponds to a fixed comoving coordinate. From Eq. (5) it follows that both ∂ t C and ∂ r C diverge as 1/ √ r − r g . Using
we find that ∂tC diverges for any λ > −∞ unless r ′ gṫ χ = r χ as r → r g (see Appendix B for the details). However, Eqs. (21) and (7) imply precisely this relation, and thus no infinities are necessary to satisfy the Einstein equations (26)- (28) .
On the other hand, if r ′ g > 0 then the comoving matter variables diverge as x −1 on the approach to the apparent horizon. Hence Eq. (28) Summary and open questions. Since trapped regions are physically relevant only if their formation time is finite, the only assumption we use is regularity of their boundary. We find that the NEC is violated in the vicinity of the apparent horizon and is satisfied in the vicinity of the inner apparent horizon. This result rules out the possibility of black hole formation in homogenous spherically-symmetric collapse. Moreover, the form of the energy-momentum tensor that is given by Eq. (3) is the same in all metric theories of gravity, not only in GR. We expect that the NEC violation is also a necessary condition for the finite-time (according to Bob) formation of trapped regions in f(R) theories, and will investigate them in a future work.
A transient firewall is a feature of the expanding apparent horizon. Despite divergent density, pressure and flux it does not lead to singularities on the apparent horizon. Infalling massive test particles may and massless test particles will cross the apparent horizon. However, the proverbial dropping of the Encyclopedia Britannica into a black hole that is followed by the alleged loss of information is impossible. A mandatory violation of the NEC in some vicinity of an apparent horizon is incompatible with preservation of the normal character of the perturbing matter. Hence we have to investigate how perturbations by normal matter evolve and what happens to the perturbing material. This question is particularly relevant since a light ring that is predicted to exit at r = 3r g /2 was finally observed [8] .
Propagating the limits of ρ, p and φ back to t S show that the first marginally trapped surface is a surface of discontinuity of the properties of collapsing matter, and a rather complicated diagram (Fig. 1) emerges. When the trapped region formes the density in the central region of the collapsing body is still positive, ρ > 0 for r ≤ r in . Causality and/or continuity arguments in the vicinity of r g (t S ) indicate that energy density becomes negative in some region close to r g (t S ) before formation of the horizons. If for some t 0 < t S it coincides withe the region of p < 0, as well as the possibility of discontinuity and shock waves inside the trapped region will be investigated.
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APPENDIX A
Here we summarize some relevant results of [19] and [20] . In spherical symmetry the trace and the square scalars of the energy-momentum tensor are
Assuming that T θ θ is finite (this can be proven in case of the standard GR), we obtain Eq. (3) as a generic case [19] .
The Einstein equations that determine the functions h and C in the Schwarzschild coordinates are
In effective field theories of gravity the right hand sides of these equations contains additional terms of the order O(1/Λ 6 ), where the coupling Λ ≫ 1 [12] . The requirement that the scalars T and T are finite leads to the form of the energy-momentum tensor that is given by Eq. (3). The negative sign that results in violation of the NEC is necessary for having real solutions of the Einstein equations. The leading terms of the solution are given by Eqs. (5) and (6) .
The higher order terms depend on the exact form of the energy-momentum tensor. Eq. (37) forces them to be one of the two possible types. The series expansion can be either regular,
or regular singular,
In both cases the expansion follows the same pattern,
For a regular correction to T µν (we set α 
where the function ξ 0 (t) and Υ(t) are given by Eq. (7). Using Eq. (37) and the conservation law ∇ µ T µ ν = 0 for ν = 0, 1 allows to obtain the recursive relations for the higher order coefficients α (ab) n [20] . A schematic depiction of a classical gravitational collapse in the comoving coordinates is presented on Fig. 2.   FIG. 2 . Schematic structure of the last stages of classical gravitational collapse. The grey area represents the collapsing body, the red line is the event horizon, the blue dashed-dotted line marks the apparent horizon, and the green line is inner trapping horizon that reaches the center and sprout the singularity (zigzag line).
APPENDIX B
Here we present in detail analysis of Eq. (33) . The two partial derivatives of C(t, r) are
where we omitted terms that approach zero as r → r g . For λ > −∞ and r ′ g < 0 Eq. (33) implies that the derivative ∂tC at r g , is finite, i. e.
